Three experiments assessed potential changes in the rat's perception of sodium chloride (NaCl) during a state of sodium appetite. In Experiment 1, sodium-sufficient rats licking a range of NaCl concentrations (0.028-0.89 M) in 15 s trials showed an inverted U-shaped concentration response function peaking at 0.281 M. Depleted rats (furosemide) showed an identical function, merely elevated, suggesting altered qualitative or hedonic perception but no change in perceived intensity. In Experiment 2, sodium-depleted rats were tested with NaCl, sodium gluconate, and potassium chloride (KCl; 0.028-0.89 M) similar to Experiment 1. KCl was licked at the same rate as water except for a slight elevation at 0.158; sodium gluconate and NaCl were treated similarly, but rats showed more licking for hypertonic sodium gluconate than hypertonic NaCl. Sodium-depleted rats were also tested with NaCl mixed in amiloride (10-300 μM). Amiloride reduced licking but did not alter the shape of the concentration-response function. Collectively, these results suggest that transduction of sodium by epithelial sodium channels (which are blocked by amiloride and are more dominant in sodium gluconate than NaCl transduction) is crucial for the perception of sodium during physiological sodium depletion. In Experiment 3, sodium-deplete rats were tested with NaCl as in Experiment 1 but after taste aversion conditioning to 0.3 M NaCl or sucrose. Rats conditioned to avoid NaCl but not sucrose failed to express a sodium appetite, strongly suggesting that NaCl does not undergo a change in taste quality during sodium appetite-rats show no confusion between sucrose and NaCl in this paradigm.
Introduction
One of the more dramatic phenomena in the ingestive behavior literature is the activation of a sodium appetite in animals of many species challenged by physiological sodium depletion (Richter 1956; Denton 1984; Schulkin 1991) . The transformation in a sodiumdeprived animal's behavior toward sodium salts was dramatically illustrated on the cover of Schulkin's (1991) book, which pictures an elephant thrusting its trunk deep into the ground in an effort to locate a buried source of sodium. The rat's behavior in the laboratory is equally dramatic. When deprived or depleted of sodium, a rat given usually aversive hypertonic saline (e.g., 0.3 M) to drink will consume it at a rate that rivals its ingestion of normally preferred substances like sucrose (Fischer et al. 2016) .
Experimental analysis of sodium appetite has demonstrated that the appetite is unlearned, specific for sodium and lithium salts, and controlled by taste input (Richter 1956; Fregly 1958; Nachman 1962; Krieckhaus and Wolf 1968; Morrison and Young 1972; Bernstein and Hennessy 1987; McCutcheon 1991; Breslin et al. 1993; Frankmann et al. 1996; Markison 2001; Geran and Spector 2004) . A fascinating perceptual question regarding sodium appetite, however, has been little addressed: What exactly changes in an animal's perceptual experience of the taste of saline that underlies the enhanced avidity for sodium? If both high and low concentrations of sodium chloride (NaCl) are normally not preferred, in what way does that perceptual experience change under conditions of sodium deficiency to motivate such dramatically altered behavior?
Early investigators considered two possibilities. First, it may be that sodium tastes stronger to a sodium-deprived rat (the species most studied), permitting the rat to detect concentrations of salt in the need state that would be undetectable in the need-free state and motivating an animal to treat normally ignored hypotonic saline as if it were isotonic saline. Some investigators have reported that behavioral detection thresholds for NaCl are lower in the sodium-depleted rat, consistent with a strengthening of taste intensity (Richter 1936 (Richter , 1939 Lu et al. 2009 ), whereas others, using a more rigorous methodology for assessing detection thresholds, have not (Brosvic et al. 1989; Brosvic and Hoey 1990) . Second, it may be that sodium tastes weaker to a sodium-depleted rat, rendering hypertonic saline less aversive. Several electrophysiological investigations have demonstrated reduced neural responses to NaCl in sodium-deprived or sodium-depleted animals at many levels of the neuraxis (Contreras 1977; Contreras and Frank 1979; Jacobs et al. 1988; Nakamura and Norgren 1995; Shimura et al. 1997; McCaughey and Scott 2000; Tamura and Norgren 2003; Garcia et al. 2008 ), but whether these electrophysiological results translate to behavioral/perceptual changes is unclear. Breslin et al. (1993) examined the possibility that rats perceived the intensity of sodium salts differently (weaker or stronger) following sodium depletion by furosemide injection. In two experiments, one measuring 45-min intake of a single NaCl concentration (varied across animals) and the second measuring lick rate to a range of concentrations offered in brief (15 s) trials, they found that, regardless of treatment, avidity for NaCl varied as an inverted U-shaped response-concentration function with a peak near isotonic NaCl (~0.15 M). The entire function was shifted upward in the furosemide condition: that is, intake at each concentration was higher following sodium depletion, but the relative intakes or lick rates across concentration were unchanged. These investigators reasoned that if sodium depletion lowered the perceived intensity of sodium's taste, the inverted U-shaped function would have shifted rightward (i.e., hypertonic NaCl concentrations, now weakened, would represent the peak preferred concentration). If sodium depletion raised the perceived intensity of NaCl, the function would have shifted leftward. An upward shift was consistent, instead, with the interpretation that the perceived intensity of NaCl does not change following sodium depletion.
Rather, upward behavioral shifts, as in Breslin et al., are consistent with two other perceptual hypotheses. Following sodium depletion, sodium must either taste different or must taste better. The distinction here is illustrated by a philosophical thought experiment: If a person gains an acquired taste for a brand of beer or coffee that he or she originally disliked, is that change due to coming to now like that original taste, or is it due to the beer or coffee now tasting different than it did before (Dennett 1988) ? Interestingly, Dennett originally raised this thought experiment in order to dismiss the distinction, but sodium appetite represents something more interesting (and experimentally tractable) than an acquired taste. The acquired taste for sodium is, after all, transient and state dependent: saline may be disliked today, liked tomorrow, and disliked again on the third day, depending on the animal's physiological state.
Some electrophysiological investigations have raised the possibility that NaCl undergoes a qualitative shift during states of sodium appetite. In those studies, neural responses evoked by NaCl became more similar to the responses evoked by sucrose in rats experimentally treated to display a sodium appetite (Jacobs et al. 1988; McCaughey and Scott 2000 ; but see Nakamura and Norgren 1995; Tamura and Norgren 2003) . Investigators in those studies were cautious in their interpretation of these data; the results are consistent with the notion that NaCl takes on a sucrose-like quality during sodium appetite or that these responses are part of a hedonic shift in the response to sodium not necessarily accompanied by a qualitative shift.
The current experiments were conducted in order to increase our understanding of the perceptual changes that might underlie the behavioral changes occasioned by physiological sodium depletion. In Experiment 1, we replicated the "upward shift" result of Breslin et al. (1993) across a broader concentration range. In Experiment 2, we compared behavioral responses of sodium-depleted rats to salts with different cations (NaCl vs. potassium chloride [KCl] ) and different anions (NaCl vs. sodium gluconate) and to NaCl in the presence of the epithelial sodium channel (ENaC) blocker amiloride at various concentrations. ENaCs in taste receptor cells are one of multiple transduction pathways for sodium salts and may be particularly important for the discrimination of sodium from nonsodium salts (Hill et al. 1990; Spector et al. 1996; Kopka et al. 2000) and for the recognition of sodium in sodium appetite (Bernstein and Hennessy 1987; McCutcheon 1991) . Sodium and lithium salts (but less so, other nonsodium salts) with large anions, like sodium gluconate, are thought to be transduced primarily through ENaCs, whereas NaCl is transduced via multiple mechanisms including those shared by nonsodium salts like KCl (Heck et al. 1984; DeSimone and Ferrell 1985; Ninomiya and Funakoshi 1988; Elliott and Simon 1990; Hettinger and Frank 1990; Ye et al. 1991; Simon 1992; Ye et al. 1993; DeSimone et al. 2001; Breza and Contreras 2012; Lewandowski et al. 2016) .
Finally, in Experiment 3, we set out to directly test the possibility that NaCl assumes a sucrose-like taste quality following sodium depletion. Rats were first conditioned with a strong taste aversion to sucrose, and later sodium depleted and presented with a range of NaCl concentrations in brief trials. If the NaCl had a sucrose-like taste quality, then the prior aversive conditioning to sucrose should interfere with the expression of sodium appetite. Because any qualitative shift may be relative rather than absolute, comparison groups of rats were also given taste aversions to NaCl or water (a sham aversion). We found that sucrose aversions did not interfere with sodium appetite, whereas NaCl aversions produced complete interference, providing no evidence for the notion that NaCl tastes more sucrose-like following sodium depletion. These data also add to a small literature on competing drives between sodium hunger and aversive conditioning, reviewed in the Discussion.
Materials and methods

Subjects
Fifty-seven naive, adult, male, Sprague Dawley rats purchased from Charles River Laboratories served as subjects (initial body weights were 212-288 g). Of these, 15 were tested in Experiment 1, 15 in Experiment 2, and 27 in Experiment 3. One rat in Experiment 2 failed to take one trial per concentration on test day and was removed from analysis (see Data analysis). In Experiment 3, 6 of the 27 rats were eventually removed from the analysis, 4 because of an apparatus failure on test day, and 2 for failing to provide at least one trial per concentration on test day (see Data analysis). In the Results, experiment sizes are N = 15 (Experiment 1), N = 14 (Experiment 2), and N = 21 (Experiment 3). 
Apparatus
Rats were tested in an automatic lickometer referred to as the "Davis Rig" (Davis MS-160, DiLog Instruments). The Davis Rig permits several taste stimuli to be presented to a rat in brief trials within a single test session (Smith 2001) , minimizing some of the extraneous variables that guide intake behavior in longer tests (St. John and Spector 2008) .
Briefly, this apparatus consists of a plastic animal chamber (30 × 14.5 × 18 cm) with a stainless steel front wall, solid except for an oval opening (1.5 × 4 cm, located 3 cm from the floor) that permits a rat access to inverted glass stimulus bottles with stainless steel sipper tubes located outside the chamber. The opening can be closed by means of an automatic shutter door. Only one stimulus bottle is available when the shutter is open, but up to 16 bottles can be stationed on a motorized tray and positioned automatically opposite the opening in the animal chamber. Access to these bottles is via a narrower oval opening (0.5 × 1 cm) that limits contact to the tip of the animal's tongue. Tongue contact completes a circuit (current strength <50 nA) allowing licks to be counted.
During the test sessions (see Test procedure), 8 bottles were filled with deionized water and 7 concentrations of a salt solution and were presented in randomized blocks. A stimulus was positioned, the shutter door opened, and when the rat initiated licking, a "trial" began. During a 15-s trial, the rat could initiate as many or as few licks as desired. At the end of the 15-s trial, the shutter door closed and remained closed for 7.5 s (the interpresentation interval), whereas the next bottle was positioned. The rat could initiate as many trials as desired during the session (30 or 40 min, depending on the phase of the experiment, see Training procedure and Test procedure).
Training procedure
A summary of the daily experimental procedure for all 3 experiments is provided in Table 1 .
Experiment 1 and 2
The training procedure followed Breslin et al. (1993) closely. Twenty-four hours after home cage water was removed, rats were given an initial training session (referred to as Spout Training) in the Davis Rig during which they had access to a single bottle of deionized water for 20 min. A second identical session was provided on the following day. All rats took >1300 licks during these sessions. Following the second session, water was provided on the home cage for 2 h and sodium-free chow (see Subjects) was provided in the home cage alongside the standard chow to familiarize the rats with this food. On the following day, an identical session was provided, but with 0.3 M sucrose, rather than water, as the stimulus. Sucrose was used to promote spout sampling in the Davis Rig even under conditions of no water restriction. Following this third training session, deionized water was available on the home cage ad lib for the remainder of the experiment. Over the next 2 days, rats were familiarized with stimulus presentation in brief trials (referred to as Trial Training). During these 30-min sessions, water and 0.3 M sucrose were available in 2 stimulus bottles. Rats could initiate as many 15-s trials as desired; sucrose and water were presented in a semi-random sequence.
Experiment 3
The training procedure was slightly modified for Experiment 3, as some rats in this experiment would be conditioned to avoid sucrose. It was therefore undesirable to include sucrose as a training stimulus. In addition, because the conditioning phase (following the training phase) required continual water restriction, water restriction was maintained throughout training.
The first 2 days of Spout Training were identical to Experiment 1 and 2. On the next 2 days, rats were given Trial Training sessions in which only water was available. In these 30-min sessions, rats could initiate as many 15-s water trials as desired. Trials were delivered from 8 stimulus bottles (to simulate the test session), and the order of bottles was randomly determined with the provision that each bottle was presented once before any bottle was presented for an additional time. During a 15-s trial, rats maximally took about 105-120 licks (i.e., 7-8 licks/s), resulting in the delivery of about 0.5 mL (depending on volume per lick, which is around 5 μL, but which was not specifically measured in this experiment).
Test procedure
Experiment 1
Beginning 3 days following the final training session, rats underwent 3 cycles of testing. Each cycle consisted of an injection on Day 1 (of furosemide or saline), a behavioral test session in the Davis Rig on Day 2, and then a period of no testing (Days 3-7). Furosemide injections were identical in all 3 experiments (see Furosemide injections).
On the first test cycle, 8 rats were injected with furosemide and 7 rats with saline. On the second testing cycle, the rats that had received furosemide received saline, and vice versa. On the final b Test cycles consisted of furosemide injection (1 day), behavioral testing (1 day), and recovery (no testing or restriction for 5 days). The first cycle began 3 days after the preceding training or conditioning session, during which the rat had ad lib access to water and food. testing cycle, all rats received saline injections. Thus, 8 rats formed the deplete-replete-replete (DRR) group and 7 rats formed the replete-deplete-replete (RDR) group.
The decision to test rats in these two orders and to replicate the replete session only was motivated by the following concern. It was anticipated that the rats tested in the replete condition first might fail to initiate any trials whatsoever. In the replete test session, the rats were neither thirsty nor in a state of sodium appetite, and all of the solutions available (NaCl at various concentrations, along with water) were either aversive or, at best, mildly preferred. It was also anticipated that this might be less of a problem for rats that received the deplete condition first. Once these rats were tested in the replete condition, they would have had previously been tested in the deplete condition and thus would have had one reinforcing session in the Davis Rig that might encourage trial initiation. By testing the replete session again, it was ensured that all rats would have a replete session following a deplete session, and therefore if trial initiation was low in the RDR group in the first session, the second session would be available for analysis. These precautions proved to be unnecessary. Trial initiation "was" lower in the replete sessions than the deplete sessions but was equally low for sessions appearing before or after a deplete session and were not so low that the licking data could not be analyzed (Table 2) .
On the following day, rats were given a 40-min session (the Test Session) during which the number of licks in 15-s trials to deionized water and 7 concentrations of NaCl (0.028, 0.05, 0.089, 0.158, 0.281, 0.5, and 0.89 M) was measured. This concentration range was chosen based on previous work (Breslin et al. 1993; St. John and Hallagan 2005) , demonstrating that these concentrations span the dynamic range of responsiveness for rats challenged by furosemide injection. NaCl solutions were prepared fresh in distilled water. All taste solutions used in these studies were reagent grade (Sigma). These solutions were presented in randomized blocks; each stimulus was presented at least once in every block of 8 trials, but the order of presentation within a block was unpredictable. Trials were 15 s long from the first lick.
Experiment 2
Beginning 3 days following the final training session, rats underwent 7 cycles of testing similar to those in Experiment 1. Over the first 3 cycles, sodium-depleted rats were tested with 3 salts (NaCl, KCl, and sodium gluconate). Over the latter 4 cycles, sodium-depleted rats were tested with NaCl mixed with 4 concentrations of amiloride. Each cycle consisted of a furosemide injection on Day 1 (see Furosemide injections), a behavioral test session in the Davis Rig on Day 2 and then a period of no testing (generally Days 3-7). There was an extended break between Cycle 3 and Cycle 4 (an additional 7 days of no testing) separating the "salt tests" from the "amiloride tests."
Order of testing was counterbalanced during the first 3 cycles, with 3 possible orders of tests: NaCl-sodium gluconate-KCl (n = 5), sodium gluconate-KCl-NaCl (n = 5), or KCl-NaCl-sodium gluconate (n = 4). Regardless of salt, concentrations were 0.028, 0.05, 0.089, 0.158, 0.281, 0.5, and 0.89 M (quarter log steps). Deionized water was the 8th stimulus.
Two testing orders were used during the 4 amiloride cycles: Half of the rats received amiloride concentrations in the order 30 μM, 10 μM, 100 μM, and 300 μM, and the other half received concentrations in the order 30 μM, 100 μM, 10 μM, and 300 μM. Amiloride was present in all the NaCl solutions (0.028-0.89 M) and deionized water.
Experiment 3
Immediately following training, in contrast to Experiments 1 and 2, rats were subjected to a taste aversion conditioning protocol prior to sodium depletion testing. Over the first 3 days, rats received deionized water twice a day from a 50-mL glass centrifuge tube fitted with solid silicone stoppers (Thomas Scientific) positioned on the home cage. The first such access period was a 15-min morning session from 10:00 AM to 10:15 AM, and the second was a 45-min afternoon access period from 3:00 PM to 3:45 PM. Bottles were weighed before and after these access periods to determine intake.
On the next day (referred to as Conditioning 1), rats were given deionized water (group WAT), 0.3 M sucrose (SUC), or 0.3 M NaCl (NA) during the morning session (n = 7 per group). These concentrations were chosen because they are clearly suprathreshold to rats. Stimuli were reagent grade, purchased from Sigma and were freshly dissolved in deionized water on the day of use. Immediately following this access period, rats were injected intraperitoneally with 2 mEq/kg lithium chloride (LiCl; at a concentration of 0.15 M to minimize the discomfort of the injection) to condition a taste aversion. The afternoon water presentation was identical to previous days.
After 2 more days of morning and afternoon water access periods, a second conditioning trial was given 3 days after the first to reinforce the taste aversion (Conditioning 2). On this day, there was evidence that rats in the NA and SUC groups had already formed a strong taste aversion: All animals drank substantially less of the conditioned stimulus than during Conditioning 1, and 4 rats in the NA group and 3 in the SUC group drank less than 2 mL (Table 3) . These 7 rats were given an intraoral infusion of an additional 2 mL of the conditioned stimulus prior to LiCl injection, to ensure adequate exposure to the stimulus. After this injection, ad lib deionized water was returned to the home cage for the remainder of the experiment.
Two days after Conditioning 2, sodium-free chow was provided in the home cage alongside the standard chow to familiarize Different from deplete session, Bonferroni-corrected paired t-tests. There were no differences between DRR and RDR groups in any session. the rats with this food. On the following day, all rats were given subcutaneous furosemide injections (see Furosemide injections). Approximately 24 h after injection, rats were given a test session in the Davis Rig identical to the 3 test sessions of Experiment 1.
Furosemide injections
Furosemide was injected subcutaneously (2 mg in a volume of 0.2 mL). (When rats in Experiment 1 were injected with saline as a control, 0.2 mL of 0.15 M NaCl was delivered.) This dose of furosemide (approximately 6 mg/kg) results in near-maximal sodium intake without producing a food aversion (Lundy et al. 2003) . Immediately after an injection of either furosemide or saline, rats were placed in clean cages with access only to sodium-free diet and deionized water. As a precaution to prevent sodium-depleted rats from reclaiming eliminated sodium (and for consistency, with all rats following saline injection), elevated wire mesh floors were placed atop the cage bedding on this day. Behavioral testing occurred approximately 24 h after injection, following which the rats were returned to normal caging conditions.
Data analysis
The primary dependent measure was the average number of licks in 15 s trials to water and 7 concentrations of NaCl, KCl, sodium gluconate, or NaCl mixed with amiloride. In a small number of cases (1 rat in Experiment 2 and 2 rats in Experiment 3), where rats failed to take at least one trial per concentration in all conditions, the animal was removed from the experiment (see Subjects). Rats that exceeded this criterion tended to exceed it by a wide margin (see Number of trials analyses below).
In Experiment 1, differences between NaCl concentrationresponse functions in depleted or sodium-replete rats were assessed with a Condition × NaCl Concentration (2 × 8) repeated-measures ANOVA. Condition was either deplete or replete; because there were 2 replete tests, an ANOVA was conducted on only the first session and a second ANOVA on the combined data. In Experiment 2, two ANOVAs served as the primary analysis. One compared concentration-response functions for the 3 salts in a Salt × Concentration (3 × 8) repeated-measures ANOVA, and the other compared concentration-response functions for the 5 NaCl-amiloride sessions (including the no-amiloride session) in an Amiloride Concentration × NaCl Concentration (5 × 8) repeated-measures ANOVA. In Experiment 2, 2 rats failed to take at least one trial per concentration during one of the amiloride cycles, so this latter ANOVA was conducted on a subgroup (N = 12) of rats from Experiment 2. In Experiment 3, differences between NaCl concentration-response functions for rats conditioned to avoid NaCl, sucrose, or water (sham) were assessed with a Group × NaCl Concentration (3 × 8) mixed-model ANOVA. In all cases, water was included as a NaCl Concentration (0 mM), but when the ANOVAs were limited to just the 7 NaCl concentrations, conclusions were always the same. Where post hoc tests were of interest, ANOVAs with fewer conditions or paired t-tests were conducted. The P values for t-tests are always shown with Bonferroni corrections for multiple comparisons. A statistical rejection criterion (α) of 0.05 was used to determine statistical significance.
Results
Experiment 1
Number of trials Rats could initiate as many trials as desired in the 40-min test sessions, and the randomized block presentation schedule ensured that the trials would be nearly evenly divided among the 8 concentrations. The total number of trials taken during the 3 test sessions is shown in Table 2 . As expected, rats initiated about twice as many trials during the depletion test than the first repletion test, t(14) = 6.64, P < 0.001, indicating that the furosemide injection and sodium restriction were effective in motivating sodium-seeking behavior. This effect was similar in magnitude in both DRR and RDR groups. In fact, there was no difference in the number of trials initiated by DRR and RDR rats during any of the 3 test sessions, suggesting that the order of treatments had no effect on motivational factors related to the brief access taste-testing paradigm used in this experiment.
Concentration-response functions
As reported previously (Breslin et al. 1993; St. John and Hallagan 2005) , sodium-depleted rats showed an inverted U-shaped concentration-response function, with peak lick rate in this experiment occurring at 0.281 M NaCl (Figure 1) . When tested in a sodiumreplete condition, rats showed a flattened concentration-response function that nonetheless maintained the same peak lick rate at 0.281 M. There was no evidence that the peak-preferred concentration shifted relative to the Depletion condition, which may have indicated alteration in perceived intensity. A repeated-measures ANOVA comparing the Depletion session with the Replete 1 session (similar conclusions are reached from the combined Replete 1 + Replete 2 data) detected main effects of Condition, F(1, 14) = 66.4, P < 0.001, and NaCl Concentration, F(7, 98) = 14.1, P < 0.001, and Figure 1 . The mean number of licks (±SEM) during 15-s trials of water and 7 NaCl concentrations presented in randomized blocks. Rats were tested in 3 sessions 1 week apart. During one session, rats were furosemide injected on the previous day to elicit sodium appetite (Depletion, open circles). On two other sessions, rats were sodium replete. Data from the first such session is shown (Replete 1, filled triangles) along with the combined data from the two replete sessions (dashed line).
a Condition × Concentration interaction, F(7, 98) = 2.7, P = 0.01. Interestingly, this interaction is not significant if the water concentration is dropped from the ANOVA, suggesting that the NaCl licking behavior has a similar shape whether the rat is deplete or replete.
When just the water licking was compared across conditions, licking was higher in the deplete sessions than the replete 1 session, t(14) = 2.22, P = 0.044, but not than all replete sessions combined, t(14) = 0.50, P = 0.062.
Experiment 2
Number of trials During the 3 salt tests, there was a significant main effect of Salt on the number of trials initiated, F(2, 26) = 23.8, P < 0.001. Rats tested with KCl initiated fewer trials than rats tested with NaCl, t(13) = 6.43, P < 0.001, or sodium gluconate, t(13) = 6.32, P < 0.001. However, KCl-tested rats still averaged >3 trials per concentration (mean = 26.2 ± 2.8); NaCl and sodium gluconate groups averaged 53.2 ± 6.0 and 42.1 ± 3.3 trials, respectively (which did not statistically differ).
In the amiloride tests, 2 rats failed to take at least 1 trial per concentration per session. Comparisons involving amiloride were therefore conducted on the subset of rats (N = 12) that met this criterion for all 7 cycles. For these rats, there was a significant effect of amiloride on trials initiated, F(4, 44) = 3.6, P = 0.013), with gradually fewer trials initiated as amiloride concentrations increased (0 μM: 57.3 ± 6.2, 10 μM: 53.8 ± 4.4, 30 μM: 47.3 ± 5.4, 100 μM: 46.8 ± 4.8, and 300 μM: 44.7 ± 4.5). This decrease likely reflects increasing failure to recognize the taste of NaCl as amiloride concentration increased (see below). However, even at 300 μM amiloride, rats initiated a large number of trials (>5 per stimulus), indicating strong motivation following furosemide injection.
Concentration-response functions
Rats did not behave similarly to NaCl, sodium gluconate, and KCl when sodium-deplete ( Figure 2) ; there was a significant main effect of Salt, F(2, 26) = 48.7, P < 0.001, as well as significant effects of Concentration and a Salt × Concentration interaction. When the ANOVA was limited to NaCl and sodium gluconate, there was no longer a main effect of Salt, but a Salt × Concentration interaction persisted, F(7, 91) = 3.2, P = 0.004. Interestingly, behavior to NaCl and sodium gluconate, in salt-depleted rats, was nearly identical except at 2 of the 3 hypertonic concentrations (0.5 and 0.89 M). (It is also possible that a difference at the other hypertonic concentration, 0.281 M, was obscured by a ceiling effect; at 7 licks per second, a rat could emit about 105 licks per trial.) In contrast, rats licked KCl similarly to water except for 0.158 M. Licking behavior toward even this concentration of KCl was, however, equivalent to only the least-preferred NaCl concentrations, suggesting good discrimination of the taste of KCl from the sodium salts. Licks to water did not differ in these 3 conditions (all Bonferroni-corrected P values > 0.14).
Amiloride clearly interfered with NaCl recognition in sodiumdepleted rats ( Figure 3) ; there was a significant main effect of Amiloride Concentration on licking behavior, F(4, 44) = 13.9, P < 0.001, as well as significant effects of Salt Concentration and a Amiloride Concentration × Salt Concentration interaction. In general, licking behavior at each NaCl concentration was reduced as amiloride concentration increased, though the data are not perfectly parametric in this regard. Thus, there is a smooth transition in licking behavior between NaCl and KCl if one considers only 10 μM and 100 μM amiloride (cf., Figure 3) , and 30 μM is anomalous to this pattern mostly at a single NaCl concentration (0.158 M). Licking behavior for NaCl mixed with 300 μM amiloride was greater than expected; however, licking behavior during this session was also unexpectedly high for water mixed with amiloride (about 75% higher-note the hexagonal symbol for water in Figure 3 relative to the others). An ANOVA (limited to the 5 NaCl sessions) indicated that licks to water varied as a function of amiloride concentration, F(4, 44) = 4.91, P = 0.0023. Post hoc t-tests (each amiloride session compared with unadulterated NaCl session) confirmed that water licking was higher in the 30 μM amiloride session, t(11) = 3.11, P = 0.040, and the 300 μM amiloride session, t(11) = 3.21, P = 0.033. In any event, amiloride reduces licking for NaCl, but the inverted U-shaped concentration-response function for NaCl is still evident, even at high amiloride concentrations.
Experiment 3
Conditioning Separate paired t-tests for each group demonstrated that the voluntary intake of the conditioned stimulus on the second conditioning trial was significantly lower than on the first conditioning trial in both group NA, t(6) = 9.28, P < 0.001, and group SUC, t(6) = 8.33, P < 0.001, but not in group WAT (see Table 3 ). Similarly, intake of the conditioned stimulus on the second conditioning trial was significantly lower than the morning intake of water on the previous day in those 2 groups, indicating that a strong taste aversion was established after one conditioning trial in the experimental groups and that, as expected, no aversion was conditioned to water. Presumably, the aversion in NA and SUC rats was further strengthened following the second conditioning trial. 
Number of trials
During the test, rats averaged 32.81 (± 2.84) trials, or about 4 per stimulus. Although there was some tendency for NA rats (23.86 ± 5.12) to take fewer trials than SUC (38.00 ± 3.97) or WAT (36.57 ± 4.33) rats, this difference did not reach statistical significance, F(2, 18) = 3.00, P = 0.075. Reduced trials in the NA group might be expected, given the aversive nature of NaCl following the conditioned taste aversion. On the other hand, the fact that these rats did take a statistically equivalent number of trials as rats in the SUC and WAT groups provides some confirmation that all rats in this experiment were driven equally by a sodium hunger, as rats were not water restricted during the test session.
Concentration-response functions
Rats with taste aversions to sucrose (SUC) and with sham aversions (WAT) demonstrated inverted U-shaped lick-concentration functions to NaCl similar to unconditioned rats licking NaCl in Experiments 1 and 2 (compare Figure 4 with depleted NaCl functions in Figures  1-3) . By contrast, rats with taste aversions to NaCl (NA), despite identical furosemide and diet treatment, showed no enhanced licking to any concentration of NaCl (relative to water) across the range of concentrations tested (Figure 4) . A Group × Concentration confirmed a significant effect of Group, F(2, 18) = 11.63, P < 0.001, as well as Concentration and the Group × Concentration interaction. There were no group differences in licks to water, F(2, 18) = 0.62, P = 0.055.
When the NA group was dropped from the ANOVA, neither Group, F(1, 12) = 0.36, P = 0.56, nor the Group × Concentration interaction, F(7, 84) = 1.20, P = 0.42, was significant. Therefore, there is no evidence to suggest that the taste aversion to sucrose in any way inhibited the expression of a sodium appetite in these rats.
When separate repeated-measures ANOVAs were conducted for each group (i.e., with Concentration as the sole factor), only the NA group failed to show a significant effect of Concentration, F(7, 42) = 1.26, P = 0.30. Thus, there was not enough evidence to conclude that NA rats had any tendency to vary their lick rate as a function of concentration, in contrast to the usual case following furosemide injection. The taste aversion to NaCl completely interfered with the expression of a sodium appetite in these rats.
Discussion
These experiments were conducted to better understand the perceptual changes that occur during the physiological state of sodium appetite. Sodium-depleted rats dramatically increase their intake of sodium salts, consuming both hypotonic and hypertonic solutions at rates more commonly associated with unconditionally preferred substances like sucrose (Fischer et al. 2016) . This behavioral shift is presumably accompanied by perceptual changes. Proposals have included a change in the perceived intensity of sodium salts (either toward increasing intensity, allowing weak sodium sources to be exploited, or toward decreasing intensity, allowing strong sodium sources to be tolerated), a change in the perceived quality of sodium salts (to a more sucrose-like taste quality), or a change in the hedonic characteristics of sodium salts (which might yet retain their typical quality and intensity; Richter 1936 Richter , 1939 Contreras 1977 ; Figure 3 . The mean number of licks (±SEM) during 15-s trials of water and 7 NaCl, KCl concentrations, or NaCl mixed with 10, 30, 100, or 300 μM amiloride presented in randomized blocks. Rats were tested in 3 sessions at least 1 week apart, 24 h following furosemide injections. Figure 4 . The mean number of licks (±SEM) during 15-s trials of water and 7 NaCl concentrations presented in randomized blocks. Rats had been previously conditioned to avoid NaCl (Group NA, circles) or sucrose (Group SUC, triangles) by LiCl injection in two conditioning sessions. A third group (Group WAT, squares) was given a sham aversion in which LiCl injection followed intake of water. Contreras and Frank 1979; Jacobs et al. 1988; Breslin et al. 1993; McCaughey and Scott 2000; Lu et al. 2009 ). Breslin et al. (1993) suggested a behavioral test for determining whether sodium depletion alters the perceived intensity of NaCl (see also St. John and Hallagan 2005) . Most researchers studying sodium appetite use a single stimulus (often 0.3 or 0.5 M NaCl), but by using an array of hypotonic and hypertonic concentrations, the "inverted U"-shaped concentration response function is obtained. Intensity shifts following furosemide injection would then be seen as a leftward (increased intensity) or rightward (decreased intensity) shifts in this function. Instead, they found that the function did not shift left or right; rather, licking behavior (or intake behavior) increased similarly at each concentration, so that the function shifted upward. In our Experiment 1, we strongly replicated this result, using a different lickometer, a broader NaCl concentration range, and a 5-fold lower furosemide dose. In a slight departure from the results of Breslin et al., our rats licked at slightly higher rates to 0.281 M NaCl than 0.158 M (see also our Experiment 2 but not our Experiment 3).
In Experiment 2, we compared the behavioral responses of sodium-depleted rats to three salts: NaCl, KCl, and sodium gluconate and also examined the effect of amiloride on NaCl behavior. It is well-established that, in rodents at least, sodium and lithium salts are partly transduced via an EnaC, which is blocked by amiloride (Heck et al. 1984; DeSimone and Ferrell 1985; Ninomiya and Funakoshi 1988; Elliott and Simon 1990; Hettinger and Frank 1990; Ye et al. 1991; Simon 1992; Ye et al. 1993; DeSimone et al. 2001; Chandrashekar et al. 2010) . Nonsodium salts, like KCl, have a much lower affinity for this channel. However, because NaCl also activates an amiloride-insensitive response in gustatory afferent nerves (Breza and Contreras 2012; Formaker and Hill 1988; Hettinger and Frank 1990; Ninomiya and Funakoshi 1988) , additional transduction mechanisms exist. These additional mechanisms may show roughly equal affinity for sodium and potassium salts, but appear to be anion dependent, such that salts such as sodium gluconate may have lower affinity for these additional mechanisms (Ye et al. 1991; Simon 1992; Rehnberg et al. 1993; Ye et al. 1993; Elliott and Simon 1990; Breza and Contreras 2012; Lewandowski et al. 2016) . Thus, our Experiment 2 was designed to probe the role of amiloride-sensitive and amiloride-insensitive transduction pathways in the expression of a sodium appetite, both by mixing NaCl with amiloride and by using salts with relatively exclusive potency for amiloride-sensitive mechanisms (sodium gluconate) or amilorideinsensitive mechanisms (KCl).
Clearly, rats treat NaCl and KCl very differently when sodium depleted and treat NaCl and sodium gluconate quite similarly. This result complements the work of Geran and Spector (2004) , who used fewer concentrations (0.03 and 0.3 M) but a larger variety of salts (using sodium acetate as an additional amiloride-sensitive salt and ammonium chloride as an additional amiloride-insensitive salt). Perhaps because the current experiment used a larger array of hypertonic concentrations and a longer taste trial, a novel finding of Experiment 2 is the stronger behavioral response to 0.5 and 0.89 M sodium gluconate than to isomolar NaCl. Although considerable disagreement exists (Smith et al. 2000; St. John and Smith 2000a; Wu et al. 2015) , this result is consistent with the suggestion (Oka et al. 2013 ) that amiloride-insensitive pathways communicate an aversive signal at high concentrations of salt. However, this conclusion hinges on whether sodium gluconate truly activates the amiloride-sensitive pathway more or less exclusively; recent data suggest this may not be the case (St. John and Smith 2000b; Breza and Contreras 2012; Lewandowski et al. 2016) .
Amiloride was effective at reducing the behavioral response to NaCl in our Experiment 2. In general, licking behavior decreased as amiloride concentration increased. Interestingly, with the exception of 30 μM amiloride, the peak of the inverted U-shaped concentration response function in the amiloride conditions shifted from 0.281 M to 0.158 M, suggestive of a small shift in perceived intensity. This conclusion must be tempered, however, given that some studies find the amiloride-free NaCl peak to be around 0.158 M (Breslin et al. 1993; St. John and Hallagan 2005) , including two groups in the current Experiment 3. Instead, the effect of amiloride might be seen as a "downward shift," which could be interpreted as a change not in intensity but in hedonic valence or quality. Suggestively, amiloride seems to cause behavior toward NaCl to be more like that of KCl, which is consistent with the elimination of the transduction pathway that is most differentially sensitive to Na + and K + cations. This result is also consistent with the behavior of rats that are sodiumreplete who cannot discriminate NaCl and KCl (and other nonsodium salts) in the presence of amiloride (Spector et al. 1996; Hill et al. 1990; Spector et al. 2010) . Nonetheless, it must be noted that at 100 and 300 μM amiloride, rats were still licking concentrations around isotonic at greater rates than water mixed with amiloride, suggesting minimal recognition of sodium. Thus, it may be that amiloride-insensitive mechanisms also contribute to the identification of sodium salts (Smith et al. 2000; St. John and Smith 2000a) .
During the amiloride sessions, there was a difference in licks to water, with generally more licking occurring as amiloride concentration increased. Amiloride (at least up to 100 μM) appears to be tasteless to rats (Markison and Spector 1995) , and thus it is unlikely that this increase in water licking was due to an appealing taste of amiloride. In fact, in humans, amiloride is bitter (Smith and Ossebaard 1995) and thus might be expected to reduce, rather than increase, water licking. One possibility for the increased water licking during high amiloride sessions is within-session contrast effects. To a sodium-depleted rat, water would be less appealing than NaCl, which might keep water licking low in the no or low-amiloride sessions. During high amiloride sessions, NaCl is not recognized as well and is licked less (i.e., is less appealing) and thus water would be less affected (or even positively affected) by contrast. In a recent experiment (St. John et al., under review) , we found water licking to be higher for sodium-depleted rats in the context of aversive concentrations of sodium carbonate than in the context of appealing concentrations of sodium carbonate.
The third experiment was conducted to determine whether NaCl becomes more qualitatively similar to sucrose when rats are in a sodium-depleted state, a hypothesis based on behavioral and electrophysiological similarities between sucrose in the sodiumreplete rat and NaCl in the sodium-deplete rat (Jacobs et al. 1988; McCaughey and Scott 2000) . To test this hypothesis, different rats were conditioned to avoid either 0.3 M NaCl or 0.3 M sucrose and were tested for generalization of this aversion to NaCl following sodium depletion. The results were clear: Rats conditioned to avoid sucrose showed absolutely no tendency to avoid NaCl following sodium depletion, whereas rats conditioned to avoid NaCl (when replete) were inhibited in consuming NaCl when depleted of sodium by furosemide. These results strongly suggest that the taste quality of NaCl is unchanged during sodium appetite and certainly does not become more sucrose-like. The increased response to NaCl in sucrose-best cells of the nucleus of the solitary tract may therefore reflect hedonic coding, rather than taste quality coding, a conclusion favored by the authors of those electrophysiological studies (Jacobs et al. 1988; McCaughey and Scott 2000) .
Collectively, our results suggest perceptual stability of NaCl following sodium depletion: It is not altered in either perceived quality or intensity. The conclusion reached by Breslin et al. (1993) appears most tenable: The hedonic valence of NaCl is altered-it doesn't taste different, it tastes better. The alteration in the hedonic, reinforcing qualities of NaCl is also consistent with behavioral experiments in which lever pressing, rather than lick rate, is measured (Quartermain et al. 1967; Krieckhaus and Wolf 1968; McCutcheon and Levy 1972; Clark and Bernstein 2006; Starr and Rowland 2006) , and those in which oromotor behaviors ("taste reactivity"), considered by some researchers to reflect hedonic evaluation, are measured (Berridge et al. 1984; Na et al. 2012) . Finally, this idea is consistent with the effect of sodium depletion on central reward circuits (Clark and Bernstein 2004; Tindell et al. 2006; Na et al. 2012) .
Although this study represents the most direct test for assessing taste quality of NaCl during sodium appetite (whether induced by furosemide, adrenalectomy, formalin injection, or other methods), earlier experiments have anticipated this finding. An ingenious experiment from George Wolf's laboratory examined rats' willingness to press a lever (unreinforced) under conditions of sodium appetite to procure a saline solution that had only been encountered during a sodium replete (but water-restricted) state (Krieckhaus and Wolf, 1968) . Following depletion, rats would vigorously press a lever that had previously (prior to depletion) delivered NaCl, sodium phosphate, or sodium acetate but not KCl or calcium chloride. Although other interpretations of these data are possible, rats appeared to behave as if seeking the salty taste previously associated with the lever.
Other researchers have been interested in the relationship between aversive conditioning and sodium appetite. In most of these experiments, sodium appetite was elicited prior to conditioning, rather than the reverse as in the present study. For example, Frumkin (1975) reported that adrenalectomized rats, which are in a chronic state of sodium hunger (Richter 1936 (Richter , 1956 Krause and Sakai 2007; Geerling and Loewy 2008) , failed to form taste aversions to NaCl and concluded that sodium appetite either prevents aversive conditioning to the taste of sodium or prevents the expression of a learned aversion. In that study, however, rats had ample experience with NaCl prior to conditioning, which is known to decrease the strength of taste aversion (e.g., Kalat 1974) . In addition, the rats were in a permanent state of sodium appetite by virtue of the irreversible adrenalectomy. Trent and Kalat (1977) initiated sodium appetite by formalin (their Experiment 1) or aldosterone (Experiment 2) injections and attempted to condition an aversion to NaCl after repletion. These animals did show a taste aversion to NaCl, most powerfully in their Experiment 2 where the rats were naive to NaCl until the time of conditioning. Trent and Kalat concluded, in contrast to Frumkin, that the need for sodium did not prevent aversive conditioning and that this conditioning could be expressed so long as the rats were not still sodium deplete at the time of testing. These results could also count as support for the conclusions of the present study: namely, that NaCl retains its quality during sodium depletion. Unfortunately there was no verification in Trent and Kalat-either physiologically or behaviorally-that the formalin or aldosterone injections actually produced a sodium appetite.
More recently, Sawa et al. (1999) concluded that sodium deprivation actually enhanced taste aversion conditioning, presumably by increasing the salience of NaCl (though "salience" was circularly defined and pointedly did not necessarily reflect perceived intensity). As in Trent and Kalat (1977) , there was no behavioral verification that a sodium appetite was produced. (In these experiments, sodium-depleted rats would drink far more NaCl than replete rats, which would create a confound when tested for retention of a taste aversion. Therefore, researchers provide equal amounts of NaCl to deplete and replete rats-but this also eliminates the ability to verify that the depleted group really was more motivated for NaCl.) Rats that had been furosemide injected on conditioning day extinguished their aversion to NaCl more slowly than rats who had not been injected with furosemide. More convincingly, relative to sodiumnormal rats, furosemide-treated rats when given LiCl injections after drinking a mixture of NaCl and hydrogen chloride (HCl) showed enhanced aversions to the NaCl and reduced aversions to the HCl component of the mixture when tested later in a sodium-replete state. These opposite effects on the two mixture components would be expected if sodium depletion enhanced the salience of NaCl, strengthening the association to this mixture component while therefore overshadowing (Lindsey and Best, 1973) conditioning to HCl.
In contrast to these results, however, Sorge et al. (2002) did not show an enhancement of taste aversion conditioning in rats sodium depleted during conditioning. Differences in methodology may account for this disparity: Sorge et al. used a higher furosemide dose and a lower LiCl dose than Sawa et al. and also used 2 conditioning trials (and therefore 2 sodium depletions). Sorge et al. found that (at least at their lower dose of LiCl), rats sodium depleted at the time of conditioning displayed weaker taste aversions than those that did not.
Regardless, in our study, the taste aversion to NaCl was performed first and proved to completely interfere with the later expression of a sodium appetite. It was not, however, a primary goal to determine the relative strength of aversive conditioning and innate sodium appetite, and thus this observation may be limited to the parameters of the current experiment (dose of LiCl and furosemide, 2 conditioning sessions, brief access availability of NaCl, etc.).
Future directions
The results of the experiments presented here are largely consistent with the behavioral literature on sodium appetite. Collectively these data suggest that NaCl does not change in perceived intensity or taste quality during sodium appetite, despite the enhanced hedonic evaluation of sodium-and lithium-containing salts. Nonetheless, researchers have established changes in electrophysiological responses to these same salts during sodium appetite in the periphery and in brainstem taste areas (Contreras 1977; Contreras and Frank 1979; Jacobs et al. 1988; Nakamura and Norgren 1995; Shimura et al. 1997; McCaughey and Scott 2000; Garcia et al. 2008) . One challenge for researchers will be to link these electrophysiological results to the behavioral results (Spector and Glendinning 2009) , in part to better understand differences in neural processes that underlie hedonic evaluation versus sensory discrimination.
In addition, the role of ENaC in the discrimination of sodium salts from nonsodium salts, and in the hedonic evaluation during the state of sodium appetite, requires further elucidation. Amiloride, which interferes with the transduction of sodium via ENaC, clearly reduced NaCl recognition and intake in our experiment, yet did not completely eliminate it. Whether this pathway is sufficient for the recognition of sodium salts or is one of many contributing pathways remains a matter of dispute (Smith et al. 2000; St. John and Smith 2000a; Spector and Travers 2005) . Likewise, the suggestion that ENaC-elicited activity contributes to a positive hedonic evaluation and non-EnaC-elicited activity contributes to a negative hedonic evaluation (Oka et al. 2013 ) is consistent with the greater licking response to high concentrations of sodium gluconate over NaCl in our Experiment 2. However, this conclusion depends on the assumption that sodium gluconate does not activate non-ENaC transduction mechanisms that are activated by NaCl, a conclusion that is at odds with some electrophysiological data (St. John and Smith 2000b; Breza and Contreras 2012; Lewandowski et al. 2016 ). This conclusion is also at odds with the observation that, while reduced, licking for NaCl was not completely eliminated by 300 μM amiloride.
Finally, the replication and extension of the work of Breslin et al. (1993) validates the utility of this behavioral paradigm in exploring salt taste. In the current study, this paradigm was used to assess possible changes in the taste quality and intensity of NaCl, the role of amiloride-sensitive pathways in the expression of sodium appetite and to assess the relative perceptual similarity of various salts to NaCl. This paradigm has also been used to evaluate putative salt taste-suppressing agents (St. John and Hallagan 2005) and salts with unusually strong salty taste qualities (St. John et al., under review) . The "Breslin paradigm" provides a unique window into the perceptual world of rodents and a powerful tool in understanding salt taste and hedonic coding.
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